In the absence of sufficiently sensitive methods for the chemical determination of insulin, attempts to measure insulin in biological fluids have been almost entirely limited to bioassay procedures and, more recently, to immunological techniques. The bioassay procedures used have been based on the hypoglycemic effect of insulin in animals whose sensitivity was increased by endocrine manipulation (1) (2) (3) or on the effects of insulin on isolated tissue, in particular the mammary gland of lactating rats (4) , and the diaphragm of rats (5) (6) (7) (8) or mice (9) . The largest body of information currently available concerns procedures based upon the effect of insulin on glucose uptake by rat diaphragm muscle (10) .
The observation that isolated adipose tissue not only responds directly to insulin (11) (12) (13) , but does so at very low insulin concentrations (14, 15) , has indicated the possible usefulness of this tissue for the measurement of small quantities of insulin (15) . It is the purpose of this and the following paper to present the information which has been accumulated in this laboratory over the past three years, during an attempt to elaborate and evaluate a suitable procedure, which might in time become applicable to tissue extracts or to biological fluids such as serum. Whenever applied to materials other than solutions of pure insulin, the term "insulin-like activity" (ILA) will be used in pref- § Recipient of a research fellowship from the American Diabetes Association. erence to the terms "insulin," "insulin-activity," or "effective insulin activity."
Being well aware of the many questions which are properly raised when a sensitive bioassay procedure is introduced and its application to complex solutions such as serum is suggested, the authors would like to separate the procedure itself from the question of its applicability to serum. This first paper will report the studies designed to select a procedure suitable for detecting small amounts of pure insulin. The second paper will present an analysis of the routine performance of the procedure when applied to solutions of pure insulin and to more complex solutions, using selected serum samples as specific examples.
METHODS

Selection of a suitable metabolic index
It is now established that, in the presence of insulin, adipose tissue incubated in vitro utilizes more glucose (11) , incorporates more glucose into glycogen (16) , oxidizes more glucose carbon to CO2 (13, 16, 17) , and incorporates more glucose carbon into fatty acids (13, 17) and glycerol (16) . Furthermore, since insulin markedly increases overall C02 production (18) while affecting oxygen consumption only to a small degree (12, 18) , the presence of insulin increases net gas production by this tissue. Any of these metabolic effects of insulin could be used as indices of ILA in a bioassay procedure. In this laboratory, some experience has been gained with the use of increased glucose uptake as an index for ILA (15) , and Beigelman (19, 20) , as well as Humbel (21) , has published data concerned with the evaluation of a measurement based on glucose uptake. This measurement requires meticulous care in the handling of glucose estimations, since it frequently represents a small difference between two independent glucose measurements, each with its inevitable error. Ball, Martin and Cooper (18) have suggested that the use of net gas production by adipose tissue for the measurement of ILA would allow for the metabolic characterization of each tissue before the addition of insulin standards or unknown solutions, as
well as for its final characterization regarding its maximal responsiveness to insulin.
Among the other indices mentioned, CO2 production from glucose carbon and incorporation of glucose carbon into fatty acids show the most favorable dose response relationships, i.e., the steepest dose response curves associated with similar precision (22) . Of the two, C02 production from glucose labeled with C" is more convenient as a measurement, since the procedures involved require less time and since less radioactivity is required because dilution of the labeled glucose in the large pool of adipose tissue lipids is avoided. Accordingly, the index which has been selected for the experiments reported here has been that of the formation of C"02 from glucose labeled with C". Glucose-i-C" has been used in preference to uniformly labeled glucose, since the oxidation of this carbon is particularly affected by insulin (17, 23) and since, as will be discussed below, the oxidation of this carbon is less affected by other metabolic agents such as epinephrine (24) or growth hormone (25 Once monthly, a concentrated insulin standard was prepared from this crystalline material by dissolving 10 mg in 10 ml of distilled water, a few drops of 1.0 N hydrochloric acid being added until the solution was clear. This concentrated standard thus contained 26.6 U per ml. It was stored at 40 C. Once weekly, 1 ml of the concentrated standard was brought to 26.6 ml with distilled water, a solution thus containing 1 U per ml. This working standard was again stored at 40 C.
Each day, 1 ml of the working standard was diluted to 100 ml by the addition of buffer containing glucose and gelatin as described above. Two ml of this solution was diluted to 10 ml with buffer containing glucose and gelatin. From this last solution serial dilutions were prepared using 10 ml of insulin-containing solution and 10 ml of buffer containing glucose and gelatin, resulting in solutions with 1,000, 500, 250, 125, 62, and 31 uU per ml. During these dilution procedures, buffer containing glucose and gelatin was always poured first into any glassware used for the preparation of insulin standards, in order to moisten and coat the walls of the containers with the gelatin-containing buffer, so as to prevent loss of insulin upon glassware.
Assay technique: Principle. Rat adipose tissue is incubated in bicarbonate buffer with glucose-1-C" for 2 hours. At the end of the incubation, the total C02 present in the system is liberated by the addition of acid to the medium and is trapped in a small amount of NaOH. The sodium carbonate so obtained is transferred to a planchet, dried, and its radioactivity determined. The total radioactivity of the C02 is expected to be di-
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A ll rectly proportional to the amount of the first carbon of glucose oxidized to C02, and, as will be shown below, is further related to the amount of insulin present in the system.
Assay technique: Procedure. For each assay 18 flasks are used and into each was pipetted 1.9 ml of unknown solution I or of standard insulin solution in buffer containing glucose and gelatin as described above. Exactly 0.1 ml of the glucose-i-C" solution was then added to each flask, which thus contained 2 ml of medium, 6 mg glucose (i.e., 300 mg per 100 ml) and 0.4 Ac C". The flasks were weighed to the nearest milligram and kept stoppered to prevent evaporation.
After the flasks had been prepared and weighed, three rats were successively killed by a blow to the head, decapitation and exsanguination. The abdomen was widely opened and the testes were displaced by gentle pressure from the scrotum into the abdominal cavity. Each testis in turn was lifted with forceps and the adipose tissue hanging from the epididymis was cut free (single cut) just distal to the epididymal vessels, where the base of the epididymal fat is somewhat narrower. Without chilling, and with a minimum of handling, each pad was then taken up at its base and further cut into three equal segments. 2 As it was cut, each segment was dropped into its appropriate preweighed flask which had been kept stoppered. The segments were so distributed as to lead to the "balanced segment design" described below. The flasks were then rapidly reweighed to obtain the tissue weight. After gassing for 5 minutes with 95 per cent 02, 5 per cent C02, using no. 21 hypodermic needles inserted through the rubber stoppers, the needles were withdrawn and the system was left airtight. The flasks were then incubated in a Dubnoff metabolic shaking incubator for 2 hours at 370 C, using 72 shaking cycles per minute (c/min).
After incubation, 0.1 ml of 1.8 N NaOH freshly diluted with CO2-free water from saturated NaOH was injected into the suspended plastic cup and 0.2 ml of 10 N H2SO4 was added to the medium in each flask. Graduated tuberculin-type syringes fitted with no. 21 hypodermic needles were used for this procedure. The flasks were well mixed and agitated at 36 c/min for at least 60 minutes. The contents of each plastic cup were then transferred to a preweighed stainless steel planchet using two washes with 2 drops each of CO2-free water. To insure even drying each planchet also contained a disc of lens paper weighing approximately 1 mg. For this transfer, the plastic cups are best handled with rubber-covered curved forceps.
The planchets were then dried on a hot plate, with care to avoid boiling and splattering of the planchet contents. 1 For example, serum, glucose content having been brought to 250 mg per 100 ml by the addition of dry glucose. 2 The segment closest to the base (i.e., closest to the epididymis) is termed the "proximal" segment, followed by the "medial" and the "distal" segments. The proximal segment did not include the portion which had been handled with forceps.
After the contents appeared dry (approximately 0.5 hour), drying was continued for 1.5 hours at a somewhat higher setting of the plate. The planchets were cooled in a desiccator and reweighed. The radioactivity was estimated in a proportional flow counter. The counts ranged from several hundreds to several thousands per minute per planchet. The results are expressed as counts per minute per total C02 produced per milligram of adipose tissue, self-absorption corrections being applied according to Karnovsky and associates (26) .
RESULTS
Evaluation of mneasurements and conditions
Adequacy of C1402 collection. In the experiments shown in Table I , a measured amount of NaHC1403 was added to 2 ml of either buffer or serum, C140, collection then being carried out as described above. Intervals of 30, 60 and 180 minutes were allowed to elapse between the addition of acid to the buffer or serum, and the transfer of the alkali from cups to planchets. Furthermore, two normalities were used for the 0.1 ml NaOH contained in the cup: 1.8 and 0.9 normal. Theoretically, the normality required to neutralize the carbonic acid formed would be between 0.6 and 0.8 for the 0.1 ml volume used. The results obtained indicate that the recovery of C1402 was maximal from 30 minutes on, although this was true only when the NaOH added to the cup was 1.8 N, and that comparable recoveries were obtained from buffer and from serum. It is necessary to stress the need for heating the CO2-containing alkali on the planchets, a need probably explainable on the basis of the hygroscop'y of the excess NaOH.
Furthermore, complete drying on the hot plate greater, the response being roughly proportional to the logarithm of the glucose concentration. Accordingly, the relatively high glucose concentration of 300 mg per 100 ml has been selected for the procedure reported here. The primary point is to keep glucose concentration constant in any individual assay. Whenever a sample with a glucose concentration higher than 300 mg per 100 ml was assayed, the glucose concentration for both the standards and all unknowns was similarly increased.
The addition of gelatin. The routine addition of gelatin to all solutions used in these studies has been prompted by the need to avoid loss of insulin on glassware, a loss which has been well documented at extremely low concentrations (29, 30) , and which we have confirmed.
Weight of animals. Ball Differences between segments and adequacy of routine procedures such as pipetting. The basic experimental unit used in all assays is a segment (approximately one-third) of each epididymal fat pad. To determine whether systematic differences exist between the responses observed in the different parts of each fat pad, i.e., in the distal, medial and proximal segments (see Footnote 2), an experiment was performed using 12 rats, three on each of four successive days. On the first and third days, all the segments from one fat pad of each rat were incubated with buffer only and those from the other pad with 62/LU per ml of standard insulin. On the intervening days, the treatments were buffer and 1000 ,U per ml of insulin. The differences between the geometric means of the counts per minute per milligram were evaluated by an analysis of variance (31) of the log counts per minute. On three days out of the four, differences between individual rats were significantly (p < 0.001) greater than the residual error term. Segment differences (Table II) were less pronounced, but the combined responses from the proximal segments were significantly lower (p < 0.01) than from the other segments. The differences between the medial and distal segments were inconsistent and were significant (p < 0.05) on one day only. Again with the use of three rats on each of four successive days, a factorial experiment (31) was performed to study the effects of: a) segment differences as indicated by the results just reported; b) variability in the preparation of the standard insulin solution; c) repeated use of the same pipet for any one solution; and d) differences between right and left fat pads of the same rats. Two preparations of insulin (A and B) were made by independent serial dilutions starting from the same standard solution containing 26 U per ml. Each piece of tissue was incubated with 62 uU of insulin taken from either preparation A or preparation B.
The order of pipettings was designated as 1, 2 or 3, the order being balanced over all segments on any one day.
As shown in Table III , the proximal segments were again found to yield significantly (p < 0.01) lower values than the other segments; differences between rats were also highly significant (p < 0.001). On the other hand, no significant effect of insulin preparation, sides, or pipettings was observed. These results led to the adoption of the "balanced segment design" discussed in the following paper. DISCUSSION 
Sensitivity
That insulin concentrations as low as 10 ,U per ml, in the presence of gelatin-containing buffer, significantly enhance the production of C1402 from glucose-i-C14 by the tissue preparation used is shown in Table IV. Relationship between dose and response and choice of a statistical response metameter Dose-response relationships observed in six animals are shown in Figure 3 . Although the data are obtained as total counts per minute per milligram wet weight ( Figure 3A) , it is desirable that they be transferred into some other units to meet the following requirements (32): a) similar absolute biological and experimental variation at different response levels as measured by the "variance" or square of the standard deviation (this requirement is referred to in statistical terms as "homoscedasticity"); b) an additive, linear response to increasing doses of insulin within a suitable range.
Analyses were made of the square roots of the counts per minute per milligram and of the logarithms of the counts per minute per milligram to see whether or not these "metameters" gave satisfactory results. As illustrated by the examples in Figure 3 , the requirement of linearity was met reasonably well with each of these metameters in the analysis of a number of dose-response curves. While the square root responses ( Figure 3B ) exhibited greater scatter at high concentrations of insulin than at low concentrations, this difficulty was avoided when the log counts per minute ( Figure 3C ) were used. To provide a further Table VII were similarly motivated. Anti-insulin serum 4 was obtained by immunizing guinea pigs against beef insulin according to the procedure described by Moloney and Coval (34) . It is evident from the data that 0.1 ml of the antiserum per ml of medium exerted a small but significant "insulin-like" effect upon adipose tissue (presumably endogenous insulin-like activity of guinea pig serum) while completely neutralizing the activity of 250 ,uU added beef insulin.
It is of importance to consider whether hormones other than insulin exert "insulin-like" or "anti-insulin-like" effects upon the adipose tissue preparation used. Present information available to us may be summarized as follows. Epinephrine markedly affects adipose tissue metabolism in general and, in particular, stimulates glucose uptake, glucose oxidation, and glyceride-glycerol synthesis by this tissue. However, glucose oxidation by the phosphogluconate-oxidative pathway, as well as lipogenesis, remains relatively unaffected (24, 35) . As a result, the oxidation of the first carbon of glucose is little affected by epinephrine, at least at physiological concentrations of the hormone, as shown in Table VIII . This contrasts with the well documented antagonistic effect of epinephrine in the rat hemidiaphragm assay (36) . Growth hormone (25, 37) and adrenocorticotropin (37) (38) (39) have been reported to influence glucose metab- (40) . Prolactin has been shown to affect adipose tissue metabolism in a manner similar to that of insulin (27, 41) , although at concentrations which are several orders of magnitude greater than those required for insulin. Glucocorticoid effects upon glucose metabolism by adipose tissue have been sought, but not found by us (42) although contrary observations have been reported very recently (43) (44) (45) .
The authors suggest that the information so far available has failed to reveal hormonal activity other than that of insulin which is likely to interfere significantly with the determination of ILA in samples containing physiological amounts of these activities, while recognizing the limitation of this argument. On the other hand, the studies which have been mentioned, as well as others, clearly indicate that adipose tissue is a tissue whose metabolic balance is delicately controlled by a number of agents, including hormones. Another example concerns the reported ILA of nicotinic acid at concentrations which may occur in blood during therapy with this agent (40) . It seems evident that whenever "insulin-like" activity, as defined in this report, is found in complex biological samples, a great deal of additional evidence will be required before identity of this activity with insulin can be assumed.
SUMMARY
A bioassay procedure suitable for measuring small quantities of insulin or "insulin-like activity" has been presented. The procedure is based upon the responsiveness to insulin of isolated epididymal rat adipose tissue. Several indices of insulin-like activity may be used, including glucose uptake, net gas formation, and lipogenesis from glucose labeled with C14. The index selected has been that of production of C1402 from glucose-i-C14.
The method is capable of detecting 10 1uU of insulin per ml. The relationship between the logarithm of the insulin concentration and the logarithm of the response appears to be linear and is analyzed further in the subsequent paper. An advantage of the procedure derives from the ability to compare several standard solutions and unknown samples within tissue from any one animal. It is sufficiently convenient to allow for the routine comparison of two standards and four unknown samples in each of three rats on any given day.
The effect of beef insulin upon this tissue is inhibited by pretreatment with reduced glutathione or by addition of antiserum obtained from guinea pigs. Although the tissue is responsive to many metabolic agents, including those of endocrine origin, information available so far has failed to reveal hormonal activities other than those of insulin which are likely to interfere significantly with the determination of insulin-like activity in samples containing physiological concentrations of these activities. It is essential, however, to consider any measured activity other than that derived from added crystalline insulin as "insulin-like" until sufficient evidence can be produced to establish its identity with insulin.
